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LASER TREATMENT OF CHROMIUM PLATED STEEL*

R. S. MONTGOMERY
U.S. Army Armament Research and Development Command, Benet Weapons Laboratory,
Watervliet Arsenal, Watervliet, N.Y. 12189 (U.S.A.)

(Received March 27, 1979)

Summary

Both flat steel coupons and rolls for a geared-roller test machine were
chromium plated and laser treated in an effort to improve adhesion. Under
the experimental conditions the electroplate was rendered considerably
softer but more fragile. A Cr—Fe alloy was produced at the interface at the
slower processing speeds and the steel under the electroplate was consider-
ably hardened by the formation of untempered martensite. While this work
shows only much decreased durability for laser-treated chrome plate,
perhaps other experimental conditions might show improved properties.

1. Introduction

The bores of many cannon tubes are electroplated with chromium to
provide better resistance to erosion and wear and in the case of naval guns to
provide corrosion resistance. The erosion resistance of chrome plate is
probably related to its high melting point; its initial hardness near the origin
of rifling where most of the erosion takes place is of secondary importance.
In any case the hardness of the chromium in this region rapidly falls owing
to the temperatures produced during firing. Down the tube, where wear is by
sliding of the projectile on the cannon bore [1], hardness of the chrome
plate is probably desirable. Erosion resistance of chrome plate is very good;
there is virtually no erosion until the chromium begins to spall off the steel
substrate.

If the resistance to spalling of chrome plate could be increased, its
durability on a cannon bore would be improved. It was felt that laser treat-
ment of the electroplate could improve its adhesion to the substrate steel by
producing an intermediate layer of intermediate properties. Improvement of
adhesion of chrome plate to steel was attempted by Brenner et al. [2] by
heat treatment but the results were disappointing presumably because of the

*Paper presented at the 4th International Tribology Conference, Paisley, Sept.

10-15,1979.
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brittle character of the intermediate Cr—Fe alloy. However, laser treatment
of the electroplate could be different because of the extremely rapid heating
and quenching. It is well known that laser treatment of steel produces a hard
case [3] and a harder substrate should improve the spalling resistance of the
electroplate. A peculiar advantage of laser treatment is that the origin of ot
rifling could easily be treated without affecting the hard chrome on the .
remainder of the bore.

2. Experiments using flat plates

Flat specimens of AISI 4340 steel were heat treated so that the micro-
structure would be entirely tempered martensite as it is with cannon tubes
and they were then plated with chromium to thicknesses ranging from 1 to
10 mil. The specimens measured were 4 in X 4 in square and 0.5 in thick. It
was felt that specimens of this size were desirable to eliminate or at least
minimize boundary effects during laser treatment. The laser used was a
15 kW industrial system which was a continuous wave closed-cycle CO,
device producing 10.6 um laser radiation. It was completely water cooled
and-capable of continuous operation. The optical package for surface treat-
ment was mounted on top of the work station. Typically it contains an
f/150 telescope, scanning optics and several directing mirrors. The beam was
focused for scanning across the workpiece with a rectangular area of variable
size and aspect ratio. Two of the mirrors in the optical system were electro-
dynamically driven in mutually perpendicular directions at frequencies high
enough to approximate a continuous wave beam. The oscillating beam was
then passed through an aperture to define the limits of the electrodynamical-
ly induced motion. The amplitude of the oscillation and the dimensions of
the aperture were all independently adjustable so that both the overall size
and the aspect ratio of the treated zone of the workpiece could be varied at
will. No special fixture was used for the treatment of the flat coupons.

The thicknesses of the electroplates were in groups of nominally 1, 2, 5
and 10 mils. The power of the laser beam was 7.5 kW in all cases and the
speed of travel of the beam across the specimen ranged from 15 to 40
in min~!. Flat black spray paint was used as an energy-absorbing coating and
helium was used as a protective gas blanket. While the results varied from
specimen to specimen depending on the plate thickness and the processing
conditions, essentially the same effects were observed in all experiments.

3. Results of laser treatment

(1) The electroplate did not melt but it was rendered considerably
softer. Before treatment it had a hardness of 920 - 1140 KHN. After laser
treatment, the hardness of the electroplate varied with distance from the
center of the laser traverse and usually varied through the plate with the
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chromium near the surface being softer. Hardnesses ranged from 150 to
980 KHN with a value of 250 KHN being typical (see Fig. 1).

400 -
2 300}
¥
a
:
& 200
Xz
L
m 1 1 WE—Y
0 5 10 15

DEPTH (mils)

Fig. 1. Hardness of chrome plate after laser treatment (7.5 kW, 40 in min™1, 12,5 mil
plate). )

Softening of chrome electroplates on heat treatment is well known.
Snavely and Faust [4] found that an electroplate with a hardness of almost
1000 KHN was softened to 210 - 240 KHN on heating for 12-h at 700 °C.
There was a minor decrease in hardness at 300 °C presumably due to stress
relief but a rapid decrease in hardness on heating over 500 °C which the
authors ascribed to recrystallization and grain growth in the plate. After laser
treatment the electroplates showed grain growth but also showed agglomera-
tion of inclusions which had been too small to be seen in the original electro-
plates. Apparently there had been agglomeration of the oxide constituent
which according to Sully and Brandes [5] also contributes to softening.

(2) The microcracks present in the original electroplates were
eliminated by laser treatment and the residual stresses were nil as measured
by X-ray diffraction. However, there were macrocracks on some of the spec-
imens. Usually they appeared unimportant but at least one specimen showed
a whole network of cracks. There was no correlation apparent between the
presence of cracks and the processing speed although the specimens treated
at 20 in min™! always showed cracks at both ends of the laser traverses.

(3) An intermediate layer of intermediate hardness (about 350 KHN)
was produced between the steel and the chromium. Figures 2 and 3 show
that it had been molten. At a power of 7.5 kW and a processing speed of
40 in min~? hardly any intermediate layer was produced while a processing
speed of 20 in min™! caused the formation of an intermediate layer 0.6 -

1.1 mil thick with the thinner plates having the thicker intermediate layers
(see Fig. 4). There were sometimes small surface lumps of this material at
both ends of the laser traverses on the specimens treated at 20 in min™*. The
intermediate layer was an alloy of chromium and iron as determined by
electron microprobe studies (see Fig. 5). Its composition varied from 35 £ 5
wt.% chromium at the steel side of the layer to 45 + 5 wt.% chromium at the
chromium side. Although the high chromium side of the layer could be FeCr
based on composition, the sluggish nature of the reaction which forms FeCr




Fig. 2. Intermediate layer between steel and chromium (magnification 400Xx).

Fig. 3. Cross section of a laser-treated chrome plate showing the intermediate layer
welling to the surface through a crack (magnification 400x).
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Fig. 4. Intermediate layer thickness as a function of plate thickness (7.5 kW, 19.5 and
22.0 in min~1).
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Fig. 5. X-ray intensities characteristic of iron and chromium through intermediate layer
(7.5 kW, 22 in min~1, 1.0 mil plate).

[6] suggests that the compound would not form during the rapid quench
associated with laser treatment. In any case the intermediate layer showed
no tendency to crack at hardness impression loads which caused severe
cracking of the chrome plate. Therefore it was not excessively brittle, There
were also islands of another phase which appeared to be chromium carbide
in the intermediate layer (see Fig. 6). Scanning Auger spectroscopy indicated
that there was an appreciable amount of carbon present as carbide in the
intermediate layer especially at the interface between the chromium and the
intermediate layer so it seems likely that this identification is indeed correct.
(4) The substrate steel under the electroplate was considerably
hardened (see Fig. 7). Before laser treatment, it was entirely tempered
martensite with a hardness of 390 - 400 KHN. The steel hardness directly
below the chromium in this specimen was about 530 KHN and it became
progressively harder reaching a maximum of about 680 KHN before falling
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Fig. 7. Hardness of laser-treated steel as a function of depth (7.5 kW, 40 in min~1, 10 mil
plate).

abruptly to its original value. This specimen had been processed at 7.5 kW
and 40 in min™! but it is typical of the others. A slower processing speed
produced deeper hardening. The grains immediately below the chromium
were large and easily identified as untempered martensite (see Fig. 8). Below
this the grains were too small for their morphology to be identified (see
Fig. 9). However, they are possibly also untempered martensite. To verify
this a specimen of laser-hardened steel (not chrome plated) was tempered for
2 h-at 650 °C in a vacuum. After this tempering the hardness of the steel
returned to its original value allowing for the small grain size of some of its
structure (see Fig. 10).
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Fig. 8. Steel structure immediately below the chromium showing untempered martensite
(magnification 400X).
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Fig. 9. Steel structure below the untempered martensite showing small grains (magnif-
ication 400X).
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Fig. 10. Hardness of laser-treated steel after annealing as a function of depth (7.5 kW,
40 in min™1).
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Fig. 11. Residual stress as a function of depth in laser-treated steel (7.5 kW, 40 in min~1).

(5) Laser treatment caused residual compressive stresses in the substrate
steel (see Fig. 11). The stresses were measured using the X-ray diffraction
method on an unplated laser-treated steel specimen. Similar results would be
expected on a plated specimen.

4. Experiments using a geared-roller test machine

Laser-treated chromium plated rollers were tested using a geared-roller
test machine (Caterpillar Corporation) operated with oil lubrication under
conditions of nominally pure rolling. It was felt that these conditions would
adequately simulate the melt-lubricated sliding of a projectile down a cannon
bore where the coefficient of friction is about 0.02 [7] without the thermal

L
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Fig. 12. Assembly used for laser treating test rollers.

effects present in an actual cannon. The velocity of rolling was 820 in s !

which was the highest that could be conveniently obtained with a standard
machine (5250 rev min~'). A load of 4066 Ibf was used on the test machine;
this load was selected, not because it simulates any load in an actual cannon,
but because it usually resulted in failure of the electroplate in a convenient
length of time. The oil temperature was maintained between 46 and 68 °C
so that its viscosity would be low but there would be no changes in the sub-
strate or electroplate attributable to high temperature. These are the same
conditions as were used in an earlier study of factors influencing the
durability of chrome plate [8].

The test rollers were machined from gun steel (modified AISI 4330)
and plated with chromium to thicknesses which ranged from 3.5 to
11.25 mil by means of the conventional procedure used on cannon bores.
They were laser treated using a special rotary fixture in which the test roller
was clamped between two aluminum blocks which acted as heat sinks. The
complete assembly was centered in a chuck and rotated at an angular speed
to produce the desired linear processing speed on the surface of the roll. The
assembly is shown in Fig. 12. Almost all the rollers were laser treated at
7.5 kW and processing speeds of 20 or 40 in min™!. However, two were treated
at 14 kW, one of which was processed at 40 in min™' and the other at 50 in
min~?. The length of the beam spot was kept constant at 0.7 in but the width
was adjusted to cover the whole width of the ring. Again flat black spray
paint was used as an energy-absorbing coating and helium was used as a
protective gas blanket.

The two rollers treated at 14 kW showed large lumps of metal on the
chrome surfaces (see Fig. 13). Metallographic studies showed them to be the
Cr-Fe alloy which had welled up to the surfaces through cracks in the
electroplate (see Fig. 3). Apparently the formation of the Cr-Fe alloy is
associated with an expansion. Some of the rollers treated at 7.5 kW showed
the same kind of metallic lumps but they were much smaller. These lumps
were toward the side and not in the region of contact of the crowned rollers.
Test rollers with surface lumps could not be tested with the geared-roller test
machine unless the lumps were small enough to be stoned off.
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Pig. 13. Surface of a test roller treated at 14 kW showing large lumps of metal. The
rollers were 0.5 in wide and had a diameter of 3.0 in.

Fig. 14. Surface of a laser-treated roller after testing showing peeling of chrome plate.

The laser-treated rollers ran only from 14 to 47 s before large sections
of the chrome plate peeled away (see Fig. 14). The nine rollers treated at
40 in min~?! ran from 14 to 47 s with an average life of only 25 s. Four of the
rollers treated at 20 in min™! could be tested; they ran from 15 to 25 s with an




-

165

average life of only 19 s. A life of about 17 min would be expected for chrome
plated specimens which had not been laser treated. The mode of failure was
also very different; the usual failure in specimens which had not been laser
treated was in the steel immediately below the chromium interface. The
chrome plate itself showed great durability; e.g. when the plate was on
carburized steel it showed no distress at all after testing for 200 min at these
same conditions [8]. The laser-treated electroplate showed severe cracking
and failure (see Fig. 15). This was unexpected in view of its lower hardness
and the lack of residual stresses and microcracks. A possible explanation may
be nitrogen embrittlement of the chromium during laser treatment. It had
been blanketed with helium during processing but the blanketing might not
have been sufficient. Snavely and Faust [4] found that the nitrogen reaction
would take place if the temperature were sufficiently high even though the
concentration of nitrogen was very low., Wain et al. [9, 10] showed the
strong embrittling effect of nitrogen and Cairns and Grant [11] showed that
the effect was much greater for water-quenched samples than for slowly
cooled samples. Quenching would be very rapid for the laser-treated electro-
plates.

5. Discussion

While this work shows only much decreased durability for laser-treated
chrome plate it cannot be concluded that there is no promise in this kind of
processing. A better blanketing technique during processing could perhaps
prevent the excessive fragility of the treated chromium. In addition if a beam

“of higher power and a faster processing speed were used, a more abrupt

s

Fig. 15. Cross section of a laser-treated chrome plate after testing showing severe
cracking (magnification 200Xx).
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temperature profile through the plate would result and there would be little
formation of the Cr—Fe alloy at the interface although there was no evidence
from this work that formation of this alloy is deleterious except where so
much is formed that it wells to the surface. There would also be less forma-

- tion of untempered martensite in the substrate steel. It was felt that harden-
ing and production of residual compressive stresses through formation of
untempered martensite would probably not be beneficial; they would anneal
away during firing, at least to a considerable depth. Again, the inherent
brittleness of an untempered martensite structure might initiate excessive
surface cracking during initial firing. With high power and fast processing the
untempered martensite produced would be fine grained and probably not as
brittle. Furthermore, under these conditions a chrome plate might be
produced which would be softer, more stress free and perhaps more ductile
and with greater durability in the origin-of-rifling region of a cannon.
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